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E-mail address: bengu@fen.bilkent.edu.trMulti-walled carbon nanotubes (MWCNTs) were synthesized through pyrolysis of the sul-
furic acid-carbonized byproduct of sucrose. While the presence of sulfur in the reaction
media has a key role in the formation and population density of MWCNTs, we have not
observed the formation of Y-junctions or encountered other novel carbon nanotube forma-
tions. Results indicate the presence of sulfur in catalyst particles trapped inside nanotubes,
but failed to find sulfur in the side-walls of the CNTs. In order to verify and explain these
findings, we analyzed the behavior of sulfur and its possible effects on the side-wall struc-
ture of CNTs by using density functional theory-based calculations on various atomic mod-
els depicting sulfur inclusion in the side-walls. The results of the computational study were
in line with the experimental results and also provided a new perspective by suggesting
that the defects such as pentagons may act as nucleation sites for the Y-branches. The
results indicated that sulfur prefers to adsorb on these defective regions, but it is not
responsible for the formation of these structures or defects.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
The last two decades witnessed great advances in the synthe-
sis and functionalization of carbon nanotubes (CNTs), how-
ever fabrication of two- (2D) or three-dimensional (3D)
networks, and/or lattices of these still remain as a major chal-
lenge. A robust network requires strong bonding between the
building blocks. For a 3D network of CNTs, this can be
achieved by ‘‘welding’’ of CNTs to each other through covalent
bonding [1]. The junctions formed by welding provoke further
interest, especially the three terminal ‘‘Y’’ junctions of CNTs.er Ltd. All rights reserved
8.
(E. Bengu).It is proposed that these could be potentially used in the fab-
rication of electronic devices [2–5]. Analysis of the junction
geometry at an atomic scale indicates the requirement for
the use of non-hexagonal carbon rings [1]. Similarly, non-
hexagonal boron nitride (BN) rings were also used for the
modeling of bridging between BN nanotubes and fullerenes
for the assembly of experimentally observed complex BN
nanostructures by Bengu and Marks [6]. With regards to the
formation of ‘‘Y’’ junctions, several studies argued a key cata-
lytic role for sulfur during synthesis; however no supporting
data was presented [7–11]. Only recently, presence of sulfur.
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microscopy in the vicinity of CNT branches [12]. In the same
study, an atomic model explaining the required curvature
for branching mechanism was also proposed. Ab-initio den-
sity functional theory (DFT) calculations based on this model
with sulfur inclusions were then presented as supporting evi-
dence for the potential role of sulfur in the formation of Y-
junctions.
In this report, we present the results of our work on the
pyrolysis of carbonized sucrose residue in sulfur rich environ-
ment for the fabrication of CNTs. Sucrose is a carbon-rich
compound which can be easily carbonized in the presence
of dehydrating acids (carbonization) [13], however sucrose is
considered to be a non-graphitizing carbon [14]. There have
been reports of fullerene-like structures [15] and multi walled
carbon nanotube (MWCNT) formation [16] through annealing
of charred sucrose with boron powder in an inert atmosphere
in excess of 2200 C. There are other solid state precursors
used for synthesis of CNTs such as camphor and various
other metallocenes [17]. While sucrose impregnated meso-
porous silicates have been also used to grow MWCNTs [18],
to best of our knowledge there is no other work in the litera-
ture systematically investigating the effect of sulfur on CNT
morphology through a solid-state synthesis route. Finally,
we present a theoretical understanding of Y-branch forma-
tion and define conditions favoring incorporation of sulfur
to CNT structure using first principles density functional
calculations.Table 1 – Complete list of catalyst powder and dehydrating
acid used during the synthesis experiments.
Catalyst type Dehydration acid type
H2SO4 H3PO4 No dehydration
acid
Fe/Ni Yesa Nob No
FeSO4Æ7H2O Yes Yes No
FeS Yes Yes No
a Yes: formation of MWCNTs were observed.
b No: formation of MWCNTs were not observed.2. Experimental
2.1. Synthesis of CNTs through pyrolysis
All reagents and solvents were purchased from Sigma–
Aldrich and used without further purification. In the first step
of CNT preparation, 5 g of sucrose and 25 mg of catalyst were
mixed and ground to a fine powder using an alumina mortar
and pestle. As for catalyst, we have used several different
mixtures; 1:1 mixture of powdered Fe (P99.9%) and Ni
(P99.9%) with average particle size <1 lm, iron (II) sulfate
(FeSO4Æ7H2O, P99.0%) or iron sulfide (FeS, P99.9%). Then,
5 ml solution of varying amounts of sulfuric acid (H2SO4,
P99.999%) and phosphoric acid (H3PO4, 85% in H2O) were
added to this mixture. Hence, as these acids are strong dehy-
drating agents, the reaction between the acid solution and su-
crose–catalyst mixture resulted in the carbonization of the
sucrose component. In the final step, the carbonized aggre-
gate/residue from acid dehydration was pyrolyzed in an
atmosphere controlled furnace at 1330 C for 4 h under flow-
ing Ar atmosphere (99.999%). Purified MWCNTs for Raman
spectroscopy were prepared by heating the product of pyroly-
sis in a tube furnace for 6 h at 600 C in air. A summary of the
experiments performed in this study is provided in Table 1.
2.2. Characterization
Scanning electron microscopy (SEM) imaging of the CNTs in
the pyrolysis residue was performed on a Carl-Zeiss EVO 40
(LaB6 filament). For the calculation of areal density and aspectratio for MWCNTs, we have analyzed as much as 20 randomly
acquired SEM images per run. Transmission electron micros-
copy (TEM) and high angle annular dark field imaging
(HAADF) of the CNTs were done using a JEOL (JEM-2100 F)
microscope operating at 200 kV. Chemical analysis of the
same CNT samples were performed inside the TEM through
energy dispersive spectroscopy (EDS, JEOL JED-2300T) and
electron energy loss spectroscopy (EELS, GATAN Tridiem).
The Raman spectra from the post-pyrolysis residue were re-
corded with a Horiva (Jobin–Yvon MicroRaman) spectrometer.
The source of radiation was a laser operating at a wavelength
of 632.8 nm and a power of 25 mW.
2.3. Density functional calculations
In order to understand the effect of sulfur on CNTmorphology,
we have performed the first principles plane-wave calcula-
tions [19] within DFT [20,21] by the projector-augmented-wave
(PAW) potentials [22,23] using Vienna ab-initio simulation
package (VASP) program [24–26]. The exchange–correlation
potential was expressed in terms of the generalized gradient
approximation (GGA) (Perdew–Wang 91 type) [27]. A plane-
wave cutoff energy of 500 eV was used in all calculations. A
large graphene supercell with 10 A˚ of vacuum is introduced
to minimize the ion–ion interaction in the non-periodic direc-
tions. Therefore, only the C point is used as k-point sampling
in the Brillouin zone [28]. The partial occupancy around the
Fermi level is treated by Gaussian smearing with a smearing
parameter of 0.08 eV. For all calculations energy was con-
verged to within 104 eV accuracy. In all calculations, edges
of finite sized structures are saturated by hydrogen atoms
and then all of the atoms are relaxed to theirminimum energy
configurations by using conjugate gradient method where to-
tal energy and atomic forces are minimized. Maximum force
magnitude remained on each atom is set at most to 0.06 eV/A˚.
3. Results and discussion
The final product of the pyrolysis step was found to be com-
posed of an amorphous carbon matrix with randomly scat-
tered MWCNTs. SEM micrograph, in Fig. 1a, shows a typical
post-pyrolysis residue from H2SO4 dehydrated sucrose–
catalyst mixture; a dense bundle made out of MWCNTs of var-
ious sizes. The inset shows multiple catalyst particles trapped
inside one of the MWCNTs. We believe that this is because
during the pyrolysis process, temperature of the furnace
(1330 C) was kept well above the Fe–S eutectic temperature
Fig. 1 – (a) SEM image of sucrose based final product displays randomly distributed MWCNTs together with an amorphous
carbon matrix. The inset reveals multiple catalyst particles trapped in the hollow core of the MWCNT. (b) Bright field S/TEM
image of MWCNT provides further detail on the morphology and catalyst particle. The inset shows the graphitic side walls of
MWCNT.
Fig. 2 – Comparison of the Raman spectra from as-synthesized, purified and commercial MWCNTs.
510 C A R B O N 4 9 ( 2 0 1 1 ) 5 0 8 –5 1 7(988 C) and hence, the catalyst particles were at a molten
state and had high capillary mobility. As a result, MWCNTs
with completely metal filled cores were also observed; in
Fig. 1b bright field S/TEM image of one is given, the inset
shows the well-formed side-wall structure of a MWCNT syn-
thesized in this study. Furthermore, Fig. 2 shows the Raman
spectrum from synthesized MWCNTs in this study after puri-
fication versus commercially available material. D (disorder
mode) and G (tangential stretch mode) peak shapes and posi-
tions in the spectrum from the purified product match to
those from commercially available material which confirms
presence of MWCNTs.In our experiments, we have observed MWCNTs only in
samples prepared with either sulfur containing additives or
those prepared with H2SO4 containing acid dehydration. We
have not observed presence of CNTs inside the post-pyrolysis
products of pure H3PO4 dehydrated sucrose–catalyst mix-
tures. We further scrutinized this observation by replacing
Fe and Ni catalyst mixture first with FeSO4Æ7H2O and then
with FeS. As shown in Fig. 3a and b, usage of both FeSO4Æ7H2O
and FeS as replacement catalysts while H3PO4 was used for
carbonization, resulted in the formation of CNTs. These find-
ings indicated that sulfur has a critical role in the growth of
CNTs synthesized by this technique. Moreover, we have not
Fig. 3 – SEM images of MWCNTs synthesized by the pyrolysis of (a) H3PO4 carbonized sucrose–FeSO4Æ7H2O mixture and (b)
H3PO4 carbonized sucrose–FeS mixture. Insets show TEM images from respective samples.
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ature below 1200 C at all regardless of acid used for carbon-
ization and catalyst. The effect of sulfur on the synthesis of
various carbons has been known for decades, and sulfur
has long been viewed as a graphitization agent [30]. Kim
et al. [31] reported a significant increase in the density of fila-
mentous carbon formed by the addition of H2S in the reaction
system up to 500 ppm. Furthermore, Tibbetts et al. [32] re-
ported considerable improvement in the catalytic activity of
Fe for the production of carbon fibers.
To explore the effect of sulfur on MWCNT synthesis in the
pyrolysis route we have detailed above, we first compared the
Raman spectra from H2SO4 and H3PO4 carbonized aggregates,Fig. 4 – Comparison of the Raman spectra from carbonized mat
mixture). The inset shows tabulated data derived from the spec
intensities for D and G peaks.as shown in Fig. 4. The similarity between the Raman spectra
from the two dehydrated mixtures taken before pyrolysis sug-
gested that the post carbonization aggregates were analogous
to each other. Relative intensity ratios and positions of D and
G bands are listed the inset which clearly implies small in-
plane correlation lengths for the graphitic networks in both
carbonized aggregates [29]. In short, regardless of whether
H3PO4 or H2SO4 was used during the dehydration, carboniza-
tion step converted sucrose–catalyst mixture into a disor-
dered carbonaceous aggregate. Hence, in order to further
explore and provide a satisfactory explanation, we studied
the effect of sulfur on MWCNT synthesis by gradually increas-
ing the amount of H2SO4 in solution with H3PO4 used for theter dehydrated with H2SO4 and H3PO4 (1:1 Fe and Ni catalyst
tra and the intensity ratios are calculated using integrated
Fig. 5 – (a) A plot showing the normalized areal density of MWCNTs observed versus the volume percentage H2SO4 used for
carbonization. (b) A plot for the aspect ratio of MWCNTs against volume percentage H2SO4 used for carbonization.
512 C A R B O N 4 9 ( 2 0 1 1 ) 5 0 8 –5 1 7carbonization of the sucrose–catalyst mixture; 50%, 30%, 20%,
10%, 5% and 1% by volume solutions of H2SO4 were used. In
an attempt to quantify the sulfur effect, we have carefully
counted the number of MWCNTs from randomly captured
SEM images for each run and calculated an areal density of
MWCNTs for each corresponding experiment. Fig. 5a shows
a plot for the normalized areal density of MWCNTs observed
versus the volume percentage H2SO4 used for carbonization.
At around 30 vol.% H2SO4, a sharp increase in the areal den-
sity was observed. While, both Kim et al. [31], and Tibbetts
et al. [32] reported the eventual termination of carbon fiber
growth beyond a certain level of sulfur, we did not observe a
drop in MWCNT areal density for the run with pure H2SO4
case. Also, we have investigated the effect of H2SO4 on the
size of the MWCNTs by the plotting the aspect ratio of
MWCNTs against volume percentage H2SO4 used for carbon-
ization, shown in Fig. 5b. The results indicated although the
amount of sulfur had a strong effect on the synthesis of
MWCNTs and their population density, it did not seem to alter
the size and shape of MWCNTs notably, unless pure H2SO4
was used.
Investigation of the local chemistry in and around the
MWCNTs formed with pure H2SO4 employing EDS during
TEM investigations provided valuable clues regarding the de-
tails of how sulfur affects CNT growth. As mentioned earlier,
a number of studies link the observation of Y-junctions in
CNTs to the presence of sulfur in the side-wall chemistry
[7,12,33]. We analyzed the chemistry of the CNT side-walls
and the catalyst particles using EDS technique during TEM
analysis. We did not observe presence of any sulfur in the
CNT side walls, as shown in Fig. 6a. There was also no indi-
cation of a change in the CNT morphology in response to
varying the sulfur amount. Although, we were not able to
detect presence of sulfur in the side-walls of CNTs, EDS data
indicated significant amount of sulfur incorporated inside
the metal catalyst particles, as shown in Fig. 6b. The atomic
ratio of sulfur incorporated with Fe was found to be nearly
1:1. Similar observations indicating large amounts of sulfur
in the catalyst particles has been reported by Demoncy
et al. [34]. Furthermore, in a recent study researchersshowed rapid growth of CNTs on a molten Fe and sulfur
containing catalyst particle. In addition, it was argued that
the molten particle was actually a phase mixture of two
immiscible liquids and a solid phase; L1, sulfur-rich liquid
phase, L2, carbon rich liquid phase and carbon as the solid
phase in the Fe–S–C ternary phase diagram [35]. In this pro-
posed growth model, the sulfur-rich molten layer was
thought to be facilitating the CNT growth. While this pro-
posed view is inline with our observations regarding catalyst
particles with very high sulfur content facilitating CNT
growth and may be extrapolated to explain the effect of sul-
fur on the population density and aspect ratio of MWCNTs,
it still does not provide any lead for the explanation of
why some researchers observed sulfur in the vicinity of Y-
junctions at the CNT side-walls, or how sulfur may induce
Y-junction formation.
To provide detailed understanding of our experimental
observations at an atomistic level, we have performed DFT
calculations exploring the interaction of sulfur and hexagonal
carbon network mimicking the atomic structure of CNT side-
wall. In the first part of these studies, we have introduced a
single sulfur atom on a non-defective graphene-based sheet.
Upon relaxation of the geometry with regards to total energy,
we observed that the sulfur adatom situated itself at the val-
ley between two adjacent carbon atoms, effectively chemi-
cally bonding to both carbon atoms as shown in Fig. 7a,
with a sulfur–carbon bond length of 1.85 A˚. When a second
sulfur atom was introduced to the system, energetically most
favorable condition formed by the dimerization of the two
sulfur atoms, see Fig. 7b. An unexpected outcome of this
was the fact that the distance between the sulfur dimer and
the underlying carbon network significantly increased with
respect to single sulfur adatom case, pointing a weaker inter-
action between the sulfur and carbon atoms: sulfur–carbon
bond length increased to 3.57 A˚, while the sulfur–sulfur inter-
action got stronger. In both Fig. 7a and b, it can be seen that
presence of the sulfur adatoms on the graphene layer did
not induce a significant distortion; hence sulfur adsorption
by itself cannot cause large scale structural deformations in
the CNT side-wall network.
Fig. 6 – (a) EDS analysis on the side walls of MWCNT showing no signal for sulfur. (b) EDS analysis on the metal catalyst of Fe
and Ni mix showing the presence of sulfur with Fe in atomic ratio 1:1. Insets indicate locations for EDS data collection. (Cu is
signal is due to the Cu based TEM grid used.)
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hexagonal carbon network with a single sulfur atom, as well.
Presence of a sulfur atom as a substitutional in the carbon
hexagonal ring network induced some strain locally as
shown in Fig. 7c, yet this was far from providing a lead to-
ward explaining the evolution of junction geometry due to
sulfur presence in the CNT sidewalls, such as one shown
in the ‘‘opening branch’’ locations by Romo-Herrera et al.
[12].
It is well known that capping of CNTs require the presence
of non-hexagonal carbon rings following Euler’s Law, espe-
cially pentagonal ones. In our earlier study dealing with the
nano-arch geometry in BN structures, we found that nucle-ation of non-hexagonal rings lead to the formation of highly
strained non-planar geometries [36]. Motivated with this, we
have investigated several non-hexagonal defect structures
and their interaction with sulfur atoms in a planar graphene
layer. However, in this paper we limit our discussion to the
most energetic cases for the non-hexagonal defects; a single
pentagonal defect and conjoined double pentagonal defects
as shown in Fig. 8a and b, respectively. As shown in these fig-
ures, the curvature induced to the graphene sheet increases
with the number of pentagonal defects forced into the graph-
ene structure. In this respect, reconsidering the emerging
branch geometry observed in Fig. 2a of [12] and arguments
therein regarding atomic positions sulfur may assume in the
Fig. 7 – DFT calculations showing the relaxed forms of structures representing possible position of sulfur absorbing on
several different structures (a) single sulfur atom on graphene sheet, (b) two sulfur atoms on graphene sheet, (c) single sulfur
as a substitutional defect in hexagonal carbon network.
514 C A R B O N 4 9 ( 2 0 1 1 ) 5 0 8 –5 1 7CNT geometry, we decided to investigate the interaction be-
tween a sulfur adatom and carbon atoms in a non-hexagonal
ring. We propose that regions in the CNT side-walls with one
or more non-hexagonal rings can provide the curvature
needed for forming Y-junctions. Therefore, we believe that
such defects act as nucleation sites for such structures.
The relaxed defective structures used to study the energet-
ics of sulfur–carbon interaction for a single pentagonal defect
and conjoined double pentagonal defects are displayed in
Fig. 8c and d, respectively. We calculated the binding energyper sulfur adatom for these structures and these are listed
in Table 2. The outcome of our calculations on these struc-
tures suggested several important points;
(1) Sulfur preferred defective regions as binding sites
where carbon atoms form non-hexagonal rings.
(2) The interaction between the sulfur and carbon atoms
remained strong fordefective structures, evenwhen sul-
furdimerized as shown inFig. 8c andd. In the case of sul-
fur binding to a carbon atom in a hexagonal ring, the
Fig. 8 – Results from DFT calculations showing the relaxed defective structures (top and side views); (a) a single pentagonal
defect, (b) conjoined double pentagonal defect, (c) after binding of a sulfur dimer to a single pentagonal defect and (d) to a
conjoined double pentagonal defect.
Table 2 – Tabulated values of binding energy per atom are
shown for different atomic sulfur containing structures.
Defect type Binding energy/
atoma (eV)
A single S adatom on non-defective
hexagonal carbon network
1.69
Two individually bonded S
adatoms on non-defective
hexagonal carbon network
1.79
S dimer on non-defective
hexagonal carbon network
3.25
A single S adatom on a
pentagonal defect
2.78
A single S adatom on aconjoined
pentagonal defect
3.42
S dimer on a pentagonal defect 3.46
S dimer on a conjoined
pentagonal defect
3.68
a Binding energy is calculated as follows: E(Binding) = E(C + H + S) 
E(C + H)  E(S).
C A R B O N 4 9 ( 2 0 1 1 ) 5 0 8 –5 1 7 515interaction between sulfur and carbon gets significantly
weaker, if sulfur forms a dimerwith another sulfur atom
in the vicinity.
(3) None of the atomic models examined in this study indi-
cated a significant change in the pre-existing curvature
of the hexagonal carbon network due to binding of sul-
fur. Thus, sulfur is not likely to induce a pentagonal
defect in the hexagonal carbon network.Conceivably, both the experimental data and results of the
theoretical studies presented here pose a contradictory state-
ment with regards to the studies noting a relationship be-
tween sulfur and Y-junction presence in CNTs. While, we
have not observed Y-junction geometries in our experiments
that were run under sulfur rich conditions, the results of
our calculations also suggested sulfur cannot be the cause
for the branching mechanism. However, one plausible expla-
nation for the observation of sulfur at an emerging branch by
Romo-Herrera et al. [12] could be that sulfur prefers binding
with carbon atoms at defective regions as our DFT calcula-
tions suggested.
Moreover, there are reports in the literature regarding
branching of CNTs, where there were no apparent involve-
ment of sulfur in the reaction environment [37,38]. Deepak
et al. [8] offered the combined effect of several process param-
eters for the explanation of the Y-junction morphology even
with presence of sulfur in the reactant mixture. These reports
support our explanation of the lack of Y-junctions and
non-existence of sulfur in the CNT side-walls for our study.
However, there are other factors that need to be taken into ac-
count. First of all, the synthesis temperature we have used
can be considered as unusually high for CNT formation. It is
likely that at these temperatures, some of the non-hexagonal
rings and other defects in the side-wall structures could be
annealed decreasing the possibility for the nucleation of Y-
junctions. Hence, if sulfur atoms are unable to find suitable
defect sites for binding, they will tend to form dimers or even
larger clusters further weakening their interaction with the
516 C A R B O N 4 9 ( 2 0 1 1 ) 5 0 8 –5 1 7underlying carbon network. Eventually, sulfur dimers or clus-
ters can easily break free and leave the carbon network in
gaseous form. This can explain the lack of sulfur we have ob-
served in the side-wall chemistry of MWCNTswe have analyzed.
4. Conclusion
We investigated effect of sulfur on CNT growth and morphol-
ogy, especially Y-branching mechanism, through a new tech-
nique where MWCNTs were synthesized by the pyrolysis of
H2SO4 carbonized byproduct of sucrose. We have demon-
strated that sulfur presencewas crucial for the CNT formation
and for increasing the population density in the post-pyrolysis
residue, but we did not observe any Y-junctions. Also, we did
not encounter any sulfur in the side-walls of the CNTs formed,
while a significant amount of sulfur was found in the catalyst
particles. The results of our DFT calculations showed that sul-
fur is not by itself capable of generating defects or inducing
curvatures required for the nucleation of a Y-branch, and thus
cannot be the initiator for a Y-junction. On the other hand, our
data indicated that sulfur prefers to bind to readily existing
non-hexagonal defects, and we suggest that this is the under-
lying factor for some studies reporting presence of sulfur at
the emerging branch sites. Finally, we believe that non-hexag-
onal defects are the key for the formation of Y-junctions as
they act as nucleation sites regardless of sulfur binding to
them. Therefore, control and understanding the formation
of non-hexagonal defects and their role in Y-junction forma-
tion during synthesis of CNTs is a key step in the fabrication
of robust 3D networks of CNTs.Acknowledgements
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